This study demonstrates the patterning and growth of carbon nanotubes (CNTs) on a highly structured three-dimensional (3D) substrate surface and even underneath the suspended microstructure surface. Three key processes-plasma surface treatment, self-assembled monolayer (SAM) coating and contact displacement electroless (CDE) plating-are employed and integrated to implement the present concept. In application, the CNTs have been conformally grown and patterned on the highly structured 3D substrate surface containing 100 μm deep anisotropic etched cavities with 54.7
Introduction
Carbon nanotubes (CNTs) show unique chemical, mechanical and electronic properties, and can be fabricated into microdevices; for instance, implantation of structured CNT arrays into chip-scale microelectronics has been previously demonstrated and devices exhibit a large working deflection upon application of an ac field [1] . In addition, the CNTs have been used as a device component of sensors [2, 3] , actuators [4, 5] , electromechanical oscillators [6] and even a CNT radio [7] . Besides, a CNT cantilever has been used for nanotweezers [8] , a scanning probe microscope tip [9] and switches [10, 11] . In short, the integration of CNTs and micro-electromechanical systems (MEMS) can find various applications. The implementation of CNTs on a substrate and the integration of CNTs with the existing micro-fabrication processes are critical concerns for these applications. 4 Author to whom any correspondence should be addressed.
Presently, the integration of CNT arrays onto a silicon substrate mainly relies on assembly techniques. Batch fabrication processes, such as lithography, offset printing and thermal growth, to implement CNTs on a substrate are usually constrained on a planar surface [12] [13] [14] [15] . In general, the substrate containing MEMS devices has a complicated surface profile containing, for instance, cavities, mesas, suspensions, etc. This limits the potential of using CNTs for MEMS applications. The integration of suspended carbon nanotubes with MEMS devices has been successfully demonstrated [16] . In addition, various process technologies, such as modified spin coating [17] , electrodeposition (ED) [18] [19] [20] [21] [22] [23] [24] and the spray coating technique [23] [24] [25] [26] , have been reported to implement MEMS devices on a highly structured 3D substrate surface. However, controlled fabrication of CNT structures on highly structured surfaces has so far remained a great challenge. This work extends the planar-based CNT structures to 3D profiles; meanwhile, the integration of 3D-patterned CNTs into suspended MEMS devices is also achieved. This study exploits three key processes-plasma treatment [27] [28] [29] , self-assembled coating of octadecyltrichlorosilane (OTS) monolayer and contact displacement electroless (CDE) plating [30, 31] -to prevent the limitation of complicated surface topology imposed by photolithography and film deposition processes. Thus, as shown in figure 1 , the present processes can implement (1) conformal formation of 3D CNT patterns on a highly structured Si surface, as shown in figures 1(a) and (b), (2) further integration of these 3D patterns of CNTs with suspended MEMS devices, as shown in figure 1(c), and (3) transfer of the 3D patterns of CNTs onto flexible polymer substrates, as shown in figure 1(d). Figure 2 illustrates the process steps established in this study. As shown in figures 2(a1)-(a4), the silicon substrate 2 Pd PDMS Figure 2 . The fabrication process flow to grow and pattern CNTs on a highly structured 3D substrate surface.
Fabrication processes
containing deep cavities and suspended thin film structures were first prepared using bulk micromachining processes. After that the substrate then experienced a 30 min surface treatment using uncollimated O 2 plasma at 250
• C, 500 mTorr and 300 W in a plasma-enhanced chemical vapor deposition (PECVD) chamber. Thus, the Si-O bond was formed on the substrate surface, as indicated in figures 2(a1) and (a2). On the other hand, the silicon substrate could also experience the treatment of uncollimated H 2 plasma to form Si-H bonds on the substrate surface, as shown in figures 2(a3) and (a4). In addition, the substrate surface covered with Si-O bonds was further immersed into anhydrous toluene solution containing 1 vol.% OTS for 1 h under a N 2 atmosphere. Thus, the formation of OTS self-assembled monolayer (OTS-SAM) on the substrate surface with Si-O bonds was achieved, as shown in figures 2(a1) and (a2). This approach enabled full and conformal coverage of OTS-SAM on substrates with the highly structured surfaces (e.g., a surface with deep cavities, or the surface underneath the suspended microstructures). The OTS and Si-H layers on the highly structured surface were patterned by the collimated O 2 plasma, and the shape of these layers could be defined either by a shadow mask (as shown in figures 2(b1) and (b3)) or by the suspended thin film structure (as depicted in figures 2(b2) and (b4)). The commercially made shadow mask was fabricated using laser micromachining on a silicon wafer. The minimum line width of the shadow mask was 50 μm for a 250 μm thick wafer, and became 100 μm for a 500 μm thick wafer. In addition, the minimum line width can be further reduced to 20 μm using the deep reactive ion etching (DRIE) process. As a result, the OTS bombarded by the O 2 plasma was removed so as to selectively expose the Si-O bond on the substrate surface, as shown in figures 2(b1) and (b2). On the other hand, some of the Si-H bonds bombarded by the collimated O 2 plasma were replaced by Si-O bonds, as shown in figures 2(b3) and (b4). This collimated O 2 plasma patterning process was operated in a high-density plasma reactive ion etching (HDP-RIE) system. The variation of pattern dimension (e.g., line width) from the top surface of the substrate to the bottom surface of the cavity was tuned by varying O 2 plasma conditions such as the inductively coupled plasma (ICP) radio frequency (RF) power and dc bias.
The CDE plating process [30, 31] was then employed to selectively deposit a thin nickel (Ni) catalyst layer on the highly structured substrate surface. In brief, the CDE plating consisted of the selective displacement of the palladium (Pd) activation layer shown in figure 2(c) , and the electroless plating of the Ni layer shown in figure 2(d) . The contact displacement of Pd ions from silicon was first carried out by the electrochemical redox between Si 0 and Pd 2+ ions in BOE (buffered oxide etchant containing F − ):
Cathode Pd
The chemical reaction depicted in equation (3) occurred only after the removal of the Si-O bond indicated in figure 2(b) by BOE. Since the Si-O bond covered by OTS was not etched by BOE, the underneath Si was not replaced by the Pd activation layer. Thus, the Pd activation layer was selectively plated on the highly structured substrate surface without OTS (figures 2(c1) and (c2)). The etching rate of the Si-H bond in BOE was faster than that of the Si-H/Si-O bond, and further caused the selectivity of Pd activation. Thus, the Pd activation layer in figures 2(c3) and (c4) was only plated on the highly structured substrate surface with Si-H bonds. After that the electroless plating of the Ni layer within a NiSO 4 -NaH 2 PO 2 bath [32, 33] was performed. The Ni film was autocatalytically deposited in the highly structured substrate surface with the Pd activation layer:
Pd catalytic active
In other words, the Ni film in figures 2(d1) and (d2) was selectively plated on the highly structured substrate surface with OTS, while the Ni film in figures 2(d3) and (d4) was only plated on the highly structured substrate surface with Si-H bonds. The Ni film in figure 2(d) was employed to act as the catalyst layer for the growth of CNTs. The CNTs were then grown on the highly structured substrate surface by acetylene pyrolysis at 800
• C in a gas mixture of Ar, NH 3 and C 2 H 2 , as illustrated in figure 2(e) . Moreover, the molding process was employed to transfer patterned CNTs onto the flexible PDMS substrate with the highly structured surface, as shown in figures 2(f ) and (g). The PDMS polymer (SYLGARD 184 silicone elastomer, base:curing agent = 10:1) was poured onto the mold-substrate (figures 2(f 1) and (f 3)), and the air trapped inside the cavity was fully removed by a vacuum pump. The molded PDMS attached to the mold substrate was cured at 100
• C for 1 h. Finally, the flexible PDMS substrate with patterned CNTs on the highly structured surface was demolded from the mold-substrate, as illustrated in figures 2(g1) and (g3).
As illustrated in figure 2(b) , the present O 2 plasma lithography technology enables pattern transformation on the highly structured substrate surface using the shadow mask (figures 2(b1) and (b3)) as well as suspended thin film structures (figures 2(b2) and (b4)). Thus, the suspended thin film structure has no alignment issue during pattern transformation. Moreover, as indicated in figures 2(b1)-(e1), the CNTs will grow in the area exposed to the O 2 plasma for the OTS approach. On the other hand, as indicated in figures 2(b3)-(e3), the CNTs will not grow in the area exposed to the O 2 plasma for the Si-H approach. In other words, the OTS and Si-H can be respectively employed to act as 'positive' and 'negative' pattern transformation layers during the O 2 plasma lithography.
Results and discussions
As demonstrated in figure 3 , the CNTs patterned on the highly structured substrate surface were fabricated using the processes shown in figures 2(a1)-(e1). The SEM (scanning electron microscope) micrographs in figure 3(a) show the patterned CNT arrays (100 μm line width) distributed on a 3D silicon surface with 100 μm deep anisotropically etched cavities. The 54.7
• inclination of cavity sidewalls was formed by the (111) crystal planes of the silicon substrate, and the sidewalls were patterned using the TMAH (tetramethyl ammonium hydroxide) anisotropic chemical etching process. The enlarged SEM micrograph in figure 3(b) shows that the patterned CNTs are well distributed on the highly structured substrate surface with various crystal planes (the (100) top surface, the 54.7
• (111) sidewalls and the (100) bottom surface).
The SEM micrograph in figure 3(c) further demonstrates the growth of CNTs on a substrate surface with near 90
• Si sidewalls (50 μm deep). The silicon sidewalls were patterned using anisotropic DRIE. The enlarged SEM micrograph in figure 3(d) clearly shows the CNTs at the edge of near 90
• sidewall. It is very challenging to deposit the Ni catalyst and then to grow the CNTs on the highly structured substrate surface with 90
• sidewalls using existing approaches [12] [13] [14] [15] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
The SEM micrographs in figure 4 show the oval shape patterns defined on the highly structured silicon surface using the same shadow mask. Figure 4 (a) shows a silicon substrate containing a 100 μm deep bulk micromachined cavity. This highly structured silicon substrate has only oval shape CNT patterns grown and distributed on its surface. The enlarged micrograph in figure 4(b) further demonstrates the oval shape pattern formed by the CNTs. These oval shape CNT patterns were defined by means of the 'positive' pattern transformation approach using the shadow mask. On the other hand, the SEM micrograph in figure 4(c) also shows a silicon substrate containing a 100 μm deep bulk micromachined cavity. However, the CNTs are grown and distributed all over the highly structured silicon substrate surface except the oval shape patterns. The enlarged micrograph in figure 4(d) further demonstrates the oval shape pattern with no CNTs. These oval shape patterns were defined by means of the 'negative' pattern transformation approach using the same shadow mask as that for figure 4(a) .
The SEM micrographs in figure 5 demonstrate the fabrication results using the suspended thin film structures as the mask for pattern transformation. The SEM micrograph in figure 5(a) shows the suspended SiO 2 micro-cantilever array fabricated using the TMAH anisotropic chemical etching. The enlarged micrograph in figure 5(b) clearly demonstrates the selective growth of CNTs on the 150 μm deep bulk micromachined cavity where the SiO 2 cantilever array suspended. Since the 'positive' pattern transformation was employed in this case, the CNTs were grown on the whole cavity except the region shadowed by the cantilever. Moreover, the micrograph in figure 5(c) shows the selective growth of CNTs using the 'negative' pattern transformation of the suspended SiO 2 micro-cantilever array. The enlarged micrograph in figure 5(d) also demonstrates the selective growth of CNTs on the 150 μm deep cavity.
Since the 'negative' pattern transformation was employed in this case, the CNTs were only grown on the region shadowed by the cantilever.
Note that existing photolithography cannot pattern the Ni catalyst at regions underneath the suspended microstructures [12] [13] [14] [15] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . In short, this study successfully employs the shadow mask as well as the thin film suspended microstructures to demonstrate the 'positive' and the 'negative' pattern transformation on a highly structured substrate surface.
The optical image in figure 6 (a) exhibits the successful transfer of CNT structures (black region) onto a flexible PDMS substrate (transparent region) via the molding process shown in figures 2(f ) and (g). After the molding process, about 93% CNTs were transferred onto the flexible PDMS substrate, and the other 7% of CNTs remained adhered to the mold-substrate. As shown in figure 6(b) , the particular bending of CNTs built on PDMS substrate demonstrates the structural flexibility. The CNTs grown in the present processes were characterized using field emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM) and Raman spectroscopy. The current-voltage (I-V) curve of the CNTs was also characterized. for CNTs reveal two Raman bands at ∼1335 cm −1 (D-band) and ∼1580 cm −1 (G-band). The D-band to G-band intensity ratio (ID/IG) for the present CNTs is 1.6. The electrical resistance of the CNTs was estimated from the measured I-V curve shown in figure 9 . The linear curve indicates a good ohmic characteristic, and the corresponding resistance is 0.85 k .
Conclusions
In summary, this study accomplishes 3D lithography on a highly structured substrate surface using SAM coating and plasma treatment approaches. O 2 and H 2 plasmas are employed to treat the surface of the Si substrate so as to provide selectivity for the following CDE plating. Moreover, the selective Ni-catalyst layer deposition as well as the growth of CNTs on the 3D surface and even underneath the suspended microstructures is realized using the CDE plating and the acetylene pyrolysis method. As a result, the 'positive' and 'negative' pattern transformations of CNTs on the highly structured substrate surface are successfully achieved. In application, the CNTs have been conformally grown and patterned on a highly structured 3D substrate surface containing 100 μm deep anisotropic etched cavities with 54.7
• as well as 90
• sidewalls. The integration of these 3D patterns of CNTs with suspended MEMS devices has also been demonstrated. In addition, the 3D patterns of CNTs have been successfully transferred onto flexible PDMS substrates. The capabilities of growing 3D CNT patterns on a complicated substrate surface and even underneath the suspended microstructures offer design flexibility for the integration of CNTs and MEMS. Since both CNTs and PDMS polymer are biocompatible, the CNTs on flexible PDMS offer the possibility for bioapplications.
